The improved Cascade-Exciton Model (CEM) code CEM2k+GEM2 and the Los Alamos version of the QuarkGluon String Model code LAQGSM are extended to describe photonuclear reactions. First, we incorporate new evaluations of elementary cross sections based on the latest experimental data into CEM2k+GEM2 and also make several improvements in the description of the de-excitation of nuclei remaining after the cascade stage of reactions induced by arbitrary projectiles. Next, for photonuclear reactions we include a normalization to evaluated experimental absorption cross sections based on the recent systematics by Kossov in CEM2k+GEM2. Then, we extend our high-energy code LAQGSM by adding the photonuclear mode which was ignored in all its previous versions, and add to it the photonuclear part from our improved CEM2k+GEM2. Presently, these codes do not include a calculation for GDR and describe properly photonuclear reactions only at intermediate energies from
Introduction
The 2003 versions-3 of the improved4 Cascade-Exciton Model (CEM)5 as realized in the code CEM2k merged6-g with the Generalized Evaporation Model code GEM2 by Furihata9 and of the Los Alamos version of the Quark-Gluon String Model code LAQGSM10 merged6-g with GEM2 have been recently incorporated into the transport codes MARS 15" and LAHET3 s2 and are planned to be incorporated in the future into the transport codes MCNPX13 and MCNP6.14 Initially, neither CEM2k+ GEM2 nor LAQGSM+GEM2 considered photonuclear reactions and were not able to describe such reactions, either as stand-alone codes or as event generators in transport codes. To address this problem, here we extend CEM03 (the 2003 version of CEM2k+GEM2) and LAQGSM03 (the 2003 version of LAQGSM+GEM2) codes to describe photonuclear reactions at intermediate energies (from 30 MeV to 1.5 GeV). We develop a model that is based on the Dubna IntraNuclear Cascade (INC) Photonuclear Reaction Model (PRM),s5-s7 uses experimental data now available in the literature, and a revision of recent systematics for the total photoabsorption cross sections by Kossov.18 Our photonuclear reaction model still has some problems and is under further development, but even the current version allows us to describe reasonably well intermediate energy photonuclear reactions. In the following, we present a description of our model together with several illustrative results.
Dubna Photonuclear Reaction Model
The Dubna intranuclear cascade photonuclear reaction model (Dubna INC) was initially developed 35 years ago by one of us (KKG) in collaboration with Iljinov and Toneevs5 to describe photonuclear reactions at energies above the Giant Dipole Resonance (GDR) region. [At photon energies Tr = 10-40 MeV, the de Broglie wavelength is of the order of 20-5 fm, greater than the average inter-nucleonic distance in the nucleus; the photons interact with the nuclear dipole resonance as a whole, thus the INC is not applicable.]
Below the pion production threshold, the Dubna INC considers absorption of photons on only "quasi-deuteron" pairs according to the Levinger model: s9 ƒÐr A=L/Z(A-Z)/A ƒÐrd, (1) where A and Z are the mass and charge numbers of the nucleus, L = 10, and o d is the total photoabsorption cross section on deuterons as defined from experimental data.
At photon energies above the pion-production threshold, the Dubna INC considers production of one or two pions; the concrete mode of the reaction is chosen by the Monte Carlo method according to the partial cross sections (defined from available experimental data):
•¨n+ƒÎ+,
•¨p+ƒÎ+++ƒÎ-,
•¨p+ƒÎo+ƒÎo,
•¨n+ƒÎ++ƒÎo. actions,21, 22 the cosine of the angle of emission of secondary particles can be represented in the center of mass (c.m.) system as a function of a random number , distributed uniformly in the interval [0, 1] where N = M = 3, where the coefficients ank were fitted to describe the available experimental data and are published in Tables  1 and  2 of Reference 17 (the corresponding coefficients for N + N and ƒÎ + N interactions are published in Table  3 of Reference 22 and in whereas the production cross section of other isobar components (3/2,3/2) 2are small and can be neglected. The Dubna INC uses the Lindenbaum-Sternheimer resonance model24 to simulate the reaction (9) . In accordance with this model, the mass of the isobar M is determine from the distribution Photonuclear reactions were not considered in the initial version of the CEM.5 The Dubna PRM was incorporated34 first into the CEM9527 version of the CEM and used thereafter to analyze a large number of photonuclear reactions.35 Later on, CEM95 was incorporated as an event generator into the MARS 1429 transport code and used in some applications.
By early 1997, one of the authors of the CEM (SGM) moved from JINR, Dubna to LANL, Los Alamos, and continued to develop further with his collaborators the cascade-exciton model for LANL needs, e.g. as an event generator for the Los Alamos transport code MCNPX13 and for other applications.
3.1. New Approximations for yp Cross Sections. The first improvements in the CEM of the photonuclear mode of the Dubna INC was done in the CEM97 version28 of the CEM. The improved cascade-exciton model in the code CEM97 differs from the older CEM95 version by incorporating new approximations for the elementary NN, rcN, and yp cross sections used in the cascade, using more precise values for nuclear masses and pairing energies, employing a corrected systematics for the level-density parameters, adjusting the cross sections for pion absorption on quasi-deuteron pairs inside a nucleus, including the Pauli principle in the preequilibrium calculation, and improving the calculation of fission widths. Implementation of significant refinements and improvements in the algorithms of many subroutines led to a decrease of the computing time by up to a factor of 6 for heavy nuclei, which is very important when performing simulations with transport codes.
Concerning specifically the photonuclear reactions, in CEM97 we developed improved approximations for the elementary yp cross sections compared with the Dubna INC Figure 1 . We see that these approximations describe all data very well. Although presently we have much more of LAQGSM, we concentrated mainly on proton-nucleus and nucleus-nucleus reactions and tried to improve the general description of different types of nuclear reactions by our models, without focusing specifically on photonuclear reactions. The main difference of CEM2k from its precursor CEM97 is in the criterion for when to move from the intranuclear-cascade stage of a reaction to its preequilibrium stage, and when to move from the latter to the evaporation/fission slow stage of the reaction. In short, CEM2k has a longer cascade stage, less preequilibrium emission, and a longer evaporation stage with a higher excitation energy, as compared to CEM97 and CEM95. Besides these changes to CEM97, we also made in CEM2k a number of other improvements and refinements, such as imposing momentumenergy conservation for each simulated event (the Monte Carlo algorithm previously used in CEM provides momentum-energy conservation only statistically, on the average, but not exactly for each simulated event); using real binding energies for nucleons at the cascade stage of a reaction instead of the approximation of a constant separation energy of 7 MeV used in the previous versions of the CEM; using reduced masses of particles in the calculation of their emission widths instead of using the approximation of no recoil used in the previous versions; and coalescence of complex particles from fast cascade nucleons already outside the nucleus. On the whole, CEM2k describes many nuclear reactions, including the ones induced by photons better than CEM97 and CEM95 do. CEM2k was incorporated KAERI, and the BOFOD evaluations, especially for heavy targets. For 12C, 27Al, and 63Cu (and several other nuclei we tested but did not include in Figures 4 and 5) the agreement in the GDR region is not so good. This is because we use here the "global" approximation given by the Kossov systematics to calculate the photoabsorption cross section in the GDR region for all nuclei. It is known from the literature that the GDR of light nuclei differ significantly from the ones of heavy nuclei, and should be addressed carefully for each light nucleus separately. In fact, Kossov18 had fitted the parameters of the light nuclei separately and his results shown in Figures 2 to 7 of Reference 18 for the light nuclei agree better with the data than the "global" systematics shown here does. Unfortunately, Kossov did not publish the parameterization of the GDR he found for every light nucleus in Reference 18 (some details of this are listed in the recent GEANT4 Physics Reference Manual156 and in Reference 157, but only for some light nuclei, and those details differ from what is published in Reference 18). To fill this gap, we hope to determine ourselves a parameterization of the GDR photoabsorption on light nuclei using all available experimental data.
IIIustrative Results
In use a parameter whose value affects drastically the calculated fission cross sections, just as in many similar statistical models: This is the ratio of the level density parameters used in the fission and evaporation channels, af/an (or, Bs, in the case of CEM98, see details in Reference 158). The fission cross sections calculated by any code employing the statistical evaporation and fission models depend so much on af/an that by fitting this ratio to available data it is possible to get a good agreement with the measured data (but not to predict unmeasured fission cross sections) with any reasonable values for the fission barriers, nuclide masses, pairing energies, and deformations, for any particular measured reaction. This is why some published papers that analyze fission cross sections or even pretend to obtain "experimental fission barriers" without addressing the question of af/an are of low significance. In our CEM95, CEM98, and CEM2k calculations, we use the default options for nuclear masses, pairing energies, and fission barriers (the "recommended" options , in the case of CEM95, where several options are available in its input: see details in Reference 27), but we still need to define (more exactly, to fit) the values of af/an(or, Bs, in the case of CEM98): These values are listed on our plots in Figure 6 . Naturally, CEM2k+GEM2, CEM03, and LAQGSM03 also had the problem of af/an in the beginning, but this problem was solved in Reference 8 by fitting these parameters for proton-induced measured fission cross sections for all targets for which we found data, at all incident energies, and by their extrapolation/interpolation for unmeasured targets. The fitted values are fixed and are used in all our further CEM03 and LAQGSM03 calculations without subsequent variation: this allows us not only to describe well most of the measured data but also to predict reasonably well unmeasured fission cross sections. The fitting procedure8 was done so that both CEM03 (and CEM2k+GEM2) and LAQGSM03 describe as well as possible all available proton-induced measured fission cross sections; this is why the fission cross sections calculated by CEM03 practically coincide with the ones obtained by LAQGSM03 and with the experimental data. We note that both CEM03 and LAQGSM03 assume that the reactions occur generally in three stages (see e.g. Reference 185 As discussed above, CEM03 and LAQGSM03 do not describe properly photonuclear reactions in the GDR region, we can calculate bremsstrahlung reactions with our codes while limiting ourselves to photon energies only above the GDR region.
This means that we need to simulate the energies of the bremsstrahlung photons according to their spectrum N(E, E0) IIE up to E" not from 0, but from a value Emin, above the GDR region in our calculations, and we need to use Efor the lower limits of the integrals in eq 12 instead of 0 in calculating the number of equivalent quanta Q. This is easy to do in our Monte Carlo calculations.
After simulation of Nil, numbers of interactions of bremsstrahlung gammas of energy Ei with a nucleus, the number of equivalent quanta Q will be:
where the mean energy of the bremsstrahlung photons <E> is equal to and references therein). Thousands of useful product cross sections were measured by this group on target nuclei from 7Li to 209Bi at bremsstrahlung end-point energies Eo from 30 MeV to 1.2 GeV, including photopion reactions, fragmentation and fission of preactinides, deep spallation reactions, and recoil studies (mean kinetic energy and the forward/backward (F/B) ratios of products).
The authors of these measurements have analyzed most of their data with the PICA code by Gabriel et al. 197, 191 There is a reasonable agreement of the CEM03 results with the experimental data in the whole interval of E" measured, from the threshold to the highest measured energy. Figure 13 presents the experimental data 202,203,213-216 and the calculations by PICA3/GEM201 and by CEM03 for the mass yields of products produced by bremsstrahlung reactions on 197Au and 209Bi at E 0 = 1 GeV. For convenience, all the isotopes produced in these reactions were divided into four groups, namely: 1) spallation products produced by sequential emission of several nucleons, positive pions, and complex 
Conclusions
The 2003 versions of the codes CEM2k+GEM2 and LAQGSM, CEM03 and LAQGSM03, are extended to describe photonuclear reactions. Both our models consider photoproduction of at most two pions, which limits their reliable application to photon energies up to only about 1.5 GeV. The present version of our models do not consider photoabsorption in the GDR region, which defines the lower limit of the photon energy to about 30 MeV. Nevertheless, developing and incorporating of a routine based on the phenomenological systematics for the total photoabsorption cross section by Kossov into CEM03 allow us to enlarge the region of applicability of CEM03 and to get quite reasonable results for applications both in the GDR region and above 1.5 GeV.
As shown by several examples, CEM03 and LAQGSMO3 allow us to describe reasonably well, and better than their precursors, many photonuclear reactions needed for applications, as well as to analyze mechanisms of photonuclear reactions for fundamental studies. But our models still have several problems. Figure 18 shows examples of such problems on proton and deuteron spectra from reactions induced by 60 MeV monoenergetic photons on Ca: One can see that both CEM03 and LAQGSMO3 describe reasonably well the shape of the proton spectrum, but their absolute values differ by more than a factor of two. This is because the CEM03 results are normalized to the total photoabsorption cross section predicted Figure  18 . recoil nuclei produced by photonuclear and other types of reactions is a powerful tool to understand mechanisms of nuclear reactions. We encourage future measurements of such characteristics both for photonuclear and proton-or/and nucleusinduced reactions.
